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Abstract
We study the impact of neutrino oscillations on the interpretation of the su-
pernova (SN) 1987A neutrino signal by means of a maximum-likelihood anal-


















 0:006), there are no signicant
oscillation eects on the Kelvin-Helmholtz cooling signal; we conrm previ-
ous best-t values for the neutron-star binding energy and average spectral

e
temperature. There is only marginal overlap between the upper end of the
95.4% CL inferred range of hE

e
i and the lower end of the range of theoretical
predictions. Any admixture of the stier 

spectrum by oscillations aggra-
vates the conict between experimentally inferred and theoretically predicted
spectral properties. For mixing parameters in the neighborhood of the large-










 0:7) the oscillations in the
SN are adiabatic, but one needs to include the regeneration eect in the Earth
which causes the Kamiokande and and IMB detectors to observe dierent 
e











the oscillations in the SN are nonadiabatic; vacuum oscillations take place
between the SN and the detector. If either of the large-angle solutions were
borne out by the upcoming round of solar neutrino experiments, one would




spectra had been much
softer than predicted by current treatments of neutrino transport.






Neutrino oscillations can modify the characteristics of the neutrino signal from a su-
pernova (SN), in particular if matter eects are included [1]. After the observation of the
SN 1987A neutrinos by the Kamiokande [2] and IMB [3] detectors many authors [4] discussed
the impact of matter-induced oscillations on the prompt 
e
burst because the rst event at
Kamiokande had been observed in the forward direction, allowing for an interpretation in
terms of 
e
-e scattering. If this interpretation were correct one could exclude a large area




Because a single event does not carry much statistically signicant information (the
rst Kamiokande event may have coincidentally pointed in the forward direction), a more
interesting question for the interpretation of the SN 1987A neutrino signal is the impact of
oscillations on the main 
e





emits roughly equal amounts of energy in (anti)neutrinos of all avors, but with dierent











































's due to oscillations
1
would \stien" the 
e
spectrum observable at Earth
[8,9]. Within a plausible range of progenitor star masses and depending on the equation of






for the total amount of binding energy [7]. It is almost entirely released in the form of
neutrinos.
The expected average SN 1987A 
e
energy implied by the detected signal is about
9 10MeV, with a 95.4% condence interval reaching up to 14MeV in some analyses [10,11],





had occurred, the expected 
e
energies should have been lower, causing an
even larger strain between measured and predicted 
e











oscillations would have been resonant and thus nearly
complete for a large range of mixing parameters. Therefore, such inverted-mass schemes are
likely excluded on the basis of the SN 1987A data [9,12].






, oscillations in the antineutrino sector
are signicant only for large mixing angles which are often thought to be unlikely. There-
fore, in the original analyses of the SN 1987A neutrinos, little attention has been paid to
antineutrino oscillations.
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Since then much progress has been made with the observation of solar neutrinos in
four experiments which all report a decit and thus point to oscillations. While it remains
uncertain if the solar neutrino decits are indeed caused by oscillations, it has become clear
that there is no simple \astrophysical solution." If the oscillation interpretation is adopted






-plane (vacuum mixing angle 
0
) where
the results from all experimental measurements of the solar neutrino ux are consistently

























neighborhood of 0:7 [5]. It will turn out that if one of the large-angle solutions would be
borne out by one of the forthcoming experiments Superkamiokande, SNO, or BOREXINO,
then a signicant impact on the interpretation of the SN 1987A signal could not be avoided.
In a recent study, Smirnov, Spergel, and Bahcall [9] found that the large-angle solutions
were essentially excluded by the SN 1987A data because of the \stiened" spectra they
would have caused at the detectors. However, this conclusion relies heavily on theoretical
predictions for the spectral properties of a SN neutrino signal. Kernan and Krauss [14], on
the other hand, arrive at the opposite conclusion, namely that a signicant oscillation eect
was actually favored by the data. Of course, they discard theoretical predictions entirely.
Smirnov, Spergel, and Bahcall have performed a joint analysis for the Kamiokande and IMB
detectors. However, in the neighborhood of the large-angle MSW solution, matter-induced
oscillations in the Earth are important. They cause a dierent amount of \regeneration"
of the oscillations on the neutrino path through the Earth which was 3900 and 8400 km for
the Kamiokande and IMB detectors, respectively, which thus would have observed dierent

e
spectra [15]. Kernan and Krauss, on the other hand, have only considered nonadiabatic









the important case of the large-angle MSW solution.
Therefore, we presently reexamine the impact of large-angle neutrino oscillations on the
SN 1987A signal interpretation. If neutrino oscillations between 
e
and another avor occur
at all with a large mixing angle, the mixing parameters probably correspond to those solving
the solar neutrino problem. Therefore, we focus on mixing parameters in the neighborhood
of the large-angle MSW solution and of the vacuum solution of the solar neutrino problem.





We will then perform a maximum-likelihood analysis for the neutrino temperature and total
emitted energy.
In Sect. II we discuss the assumed primary neutrino spectra and their modication by
oscillations. Sect. III is devoted to our statistical methodology and Sect. IV to detailed
numerical results. In Sect. V we summarize our ndings.
II. NEUTRINO SPECTRA
A. Primary Spectra
The most detailed statistical analysis of the SN 1987A neutrino signal has been performed
in the papers by Loredo and Lamb [10,11] where one of the main goals was to estimate the




mass from the absence of pulse dispersion eects. Therefore, the time structure
of the neutrino signal was crucial; it had to be parametrized in terms of a variety of cooling
models. In our study, on the other hand, we will focus on the spectral characteristics of
the neutrino uence (time-integrated ux). Because we will need to vary neutrino mass
dierences and mixing angles, the overall number of parameters would get out of hand if we
were to analyse the time structure of the burst together with neutrino oscillation eects.
Numerical simulations [17] and an analytic argument [19] indicate an approximate
equipartition of the energy emitted in dierent (anti)neutrino species with dierent time-
averaged energies as quoted in Eq. (1). The detailed spectral shape, however, is not well
known. Monte-Carlo studies of neutrino transport [16] indicate that the instantaneous neu-
trino spectra are \pinched," meaning that their low- and high-energy parts are suppressed
relative to a Maxwell-Boltzmann spectrum of the same average energy. Usually the instan-








where  is an eective degeneracy parameter. Both T and  are functions of time. It must








, in contrast with the
degeneracy parameter of a real Fermi-Dirac distribution which has the opposite sign for an-
tineutrinos relative to neutrinos. Therefore, Eq. (3) is a somewhat arbitrary two-parameter
representation of the neutrino spectra which allows one to t two of their moments, for ex-
ample hEi and hE
2
i. Janka and Hillebrandt [16] found that throughout the emission process
 decreases from about 5 to 3 for 
e
, from about 2.5 to 2 for 
e






The time-integrated spectrum, however, need not be pinched. We characterize it by the
moments hEi and hE
2




is smaller than for
the Maxwell-Boltzmann case, \antipinched" otherwise. As a simple example we consider a
cooling model where neutrinos are emitted from a neutrino sphere with a xed radius and
an exponentially decreasing eective temperature. If the instantaneous spectra are of the







1:7. For   1:7 it is approximately of the Maxwell-Boltzmann form.
An exponential cooling model is, of course, very simplistic. In a real SN the 
e
tem-
perature will initially rise, and may stay approximately constant for some time, while the
eectively radiating surface shrinks quickly within the rst second. Still, the exponential
cooling example illustrates that a thermal Maxwell-Boltzmann spectrum may be a relatively
good approximation for the time-integrated spectrum because of the compensating eects
between instantaneous pinching and the superposition of dierent spectra in the course of
the protoneutron star's cooling history. Certainly, there is no reason to expect the time-
integrated spectrum to be of the form Eq. (3). This parametrization does not allow one to
describe antipinched spectra, only pinched ones.
For the rest of this study we will make the simplifying assumption that the time-















. These \temperatures" are parameters
which characterize the time-integrated spectra by virtue of T 
1
3
hEi and thus do not exactly
correspond to a physical temperature at the neutron star.
B. Modication by Oscillations





where the nal-state positron is measured by its Cherenkov emission
of photons. If neutrinos do not mix, their uence F

e
(E) relevant for the detection process











oscillations, on the other hand, each primary 

arrives with a probability p in
the 
e


















This incoherent superposition of the individual avor uxes is justied by the incoherent
emission from dierent regions in the star and by dierent processes [9].
The \permutation factor" p is in general a function of the neutrino energy E, the mass
dierence m
2
, and the vacuum mixing angle 
0
. In addition, it is important to note that
the neutrinos are produced in a region of high matter density. The eective mixing angle in











is the vacuum mixing angle,  the matter density, and the upper sign refers to ,





































) the denominator in Eq. (6) vanishes




, causing maximum mixing with  = =4 and thus a \resonance." For
antineutrinos, and because we always assume a normal mass hierarchy, the denominator of
Eq. (6) is always larger than cos 2
0
so that the medium mixing angle is always smaller
than the vacuum one.
For our purposes with neutrino energies E
>
























even if the vacuum mixing angle is maximal. Therefore, the medium eects \demix" the
antineutrinos, causing the avor eigenstates at the production site to coincide essentially
with the propagation eigenstates.
As the neutrinos leave the SN they propagate through a certain density prole and
ultimately reach the surrounding vacuum. The m
2
values corresponding to the large-
angle solutions of the solar neutrino problem are representative of two cases that need to be
distinguished for the further avor evolution of the neutrino burst.
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. The propagation out of
the SN is not adiabatic so that the neutrinos emerge essentially as avor eigenstates which















is at the borderline for this statement to apply; for slightly
larger mass dierences the detailed propagation through the SN envelope must be taken into
account [9].






we are in the adiabatic
regime where the neutrinos stay in a propagation eigenstate throughout their journey out
of the SN [9]. What emerges is a ux of m
1





eigenstates with the 

spectrum.
We stress that this statement applies even though the neutrinos encounter a density
discontinuity corresponding to the outward moving shock wave which ultimately ejects the
SN mantle and envelope. At the neutrino sphere, the propagation and avor eigenstates co-
incide because of the medium-induced demixing eect described above. When the neutrinos
encounter a density discontinuity in a medium so dense that they are suciently demixed,
then no signicant avor transitions will occur even though this discontinuity violates the
adiabaticity condition. Within the rst few seconds after collapse the shock wave may reach
a radius of at most a few 10
5
km. In typical progenitor star models the density varies ap-
proximately as r
 3





a radius of about 100 km. Therefore, within the Kelvin-Helmholtz cooling phase the shock
wave may reach a density about 9 orders of magnitude smaller than the neutrino sphere,










the resonance density is about
10 g cm
 3
. Hence, during the entire Kelvin-Helmholtz cooling phase the medium mixing
angle is small when the neutrinos encounter the shock wave. Therefore, the impact of level
crossing between the propagation eigenstates on the neutrino spectra arriving at the detector
can be neglected.






emerge from the SN as propagation eigenstates,





there were no further intervening matter.
However, in order to reach the Kamiokande and IMB detectors, the neutrinos had to
traverse d
KAM
= 3900 km and d
IMB
= 8400 km of matter in the Earth, with an average
density of about 
KAM




= 4:6 g cm
 3
, respectively [9]. Therefore, the



































the Earth eect is unimportant.
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III. STATISTICAL METHODOLOGY
A. Parameter Estimation and Condence Regions






acterize the neutrino uence from SN 1987A and to study the impact of neutrino mixing
on this estimate. Because of the small number of SN 1987A events in the Kamiokande and
IMB detectors this task is rather delicate. One needs a statistical estimator which is consis-
tent and unbiased, and which exploits the sparse data eciently. The maximum-likelihood
method [20,21] is particularly well suited for such problems, i.e. problems where it is es-
sential to extract the maximum possible information from a small number of events. This
method has been used by several authors to analyse the SN 1987A neutrino signal, e.g.
Refs. [10,11,14,16].
The method consists of deriving the set of parameters, collectively denoted by , for
which the probability of producing the observed data set, collectively denoted by x, becomes
maximal. The probability density as a function of  for producing the observed data is
called the likelihood function L(x; ). The maximum-likelihood estimation 

for the true
but unknown parameter set 
0






where D is the parameter domain.
An estimation 

of the true parameters 
0
is useful only if one also determines a con-
dence region around 

which contains the true parameters with a specied probability .
To construct this region assume that the true parameters 
0
are given. We can then de-







































). The condence region D






. Note that this set is




In practice, this region is dicult to calculate because nding D
;
alone requires in-
tegrating over the space of possible observations, a task usually achieved by Monte-Carlo
sampling. However, if L is Gaussian the condence region is given by the condition
lnL(x; 







again with the additional requirement that it should be bounded by a contour of constant
L in parameter space [20]. Further, k is the number of parameters which for our study will
usually be k = 2. Note that 

(2) = 2:3, 4.61, and 6.17 for  = 68:3%, 90%, and 95:4%,
respectively. We stress that the condence regions thus determined are not exact, especially
when they are very distorted so that the parameters are strongly correlated.
B. Likelihood Function
It is not trivial to determine the likelihood function appropriate for our problem. The
primary observations of the water Cherenkov detectors consist of the information when a
7
given photomultiplier has red. This information can be used to reconstruct the event
location in the detector and the energy of the detected charged particle. For our purposes it
is probably sucient to use the reported event energies as the primary data set and assume
that they are related to the true positron energies by a Gaussian distribution.





with i = 1; : : : ; N
bin
. The spectrum of detected energies is n(E) so that the number of
expected counts in bin i is to lowest order n(E
i
) E. However, in a real experiment one
obtains an integer number N
i






























This expression can be transformed to















is the total number of experimentally observed events. The constant C is irrel-
evant for the purpose of parameter estimation and the determination of condence regions.
For a joint analysis of the Kamiokande and IMB detectors, the likelihood function is the
product of the likelihood functions for each detector.
C. Expected Energy Spectrum





(E) at Earth to an expected spectrum n(E) of





































where Q = 1:29MeV is the neutron-proton mass dierence, m
e
the electron mass, and

0




. We ignore Coulomb and radiative corrections as well as neutron
















where D = 50kpc is the distance to the SN and N
p
the number of target protons in a given
detector, namely 1:43 10
32




The positron spectrum n
+
(E) produced in the detector is not identical with the spectrum
n(E) of events that one expects to detect. The reported energy E
det
for an event is recon-
structed from the number of photomultipliers that have been triggered by the Cherenkov
light of the positrons produced in the detector. Because this involves a Poissonian process,
a certain number of active photomultipliers corresponds to a range of possible positron en-
ergies E
+







) that a given positron will trigger the detector at all. While this function is
essentially a step function for the Kamiokande detector, it is fairly nontrivial for IMB where
about a quarter of the photomultipliers where not operational at the time of SN 1987A due
to a failed power supply.
The spectrum of possible reconstructed event energies E
det
that may be attributed to
a true positron energy E
+
is not universal throughout the detector; there are nontrivial
geometry eects. Still, we use a universal distribution for the probability of nding E
det
if








































For each detector we t E

from the uncertainties of the reported experimental event energies
[2,3]. We nd that a good approximation is E

= 0:75MeV for Kamiokande and 1:35MeV
for IMB.




) we could have used the reported
experimental errors 
i
for each event. This procedure would leave our results almost un-
changed while causing complications for the denition of an overall detector eciency curve
below.
In both detectors a trigger threshold for the minimum number of photomultipliers was
used in order to attribute a given event to an external signal rather than to background.




= 7:5MeV for Kamiokande and 19MeV
for IMB. The published trigger eciency curves (E
+























) represents eciency reductions from other causes such as geometry and dead-






) for both Kamiokande and IMB where for





) is essentially constant down to the threshold, revealing that the
eciency curve (E
+
) is dominated by the trigger threshold and by the Poissonian nature
of the detection process. For IMB, on the other hand, there is a signicant geometrical
eciency modication.






























) = 0 otherwise. With this result we are armed to perform the
maximum likelihood analysis.
D. Detector Background
The statistical analysis described above ignores the detector background, i.e. the fact that
any event ascribed to the SN burst can also be due to background, and conversely, any event
attributed to background can have been caused by the SN burst. In Loredo and Lamb's
analyses [10,11] the background spectrum was included in the expected event rate. Events
much earlier or much later than the main burst are automatically discriminated against and
thus do not overdominate the low-energy part of the expected event distribution. Without
the possibility to discriminate against background events by the temporal relationship to
the main burst we must use the cut represented by the energy threshold E
cut
. We stress
that including the background as in Loredo and Lamb's analyses does not cause a large
modication of the implied SN binding energy and neutrino temperature.
IV. NUMERICAL RESULTS
A. No Mixing
For comparison with previous work we begin our maximum-likelihood analysis with the








which characterizes the assumed Maxwell-Boltzmann 
e
spectrum of the






. We assume equipartition of the released SN
energy between all (anti)neutrino species so that E
b
is given by six times the inferred total
energy emitted in 
e
's.












. In the upper panel we show the results from separate analyses for the
Kamiokande and IMB detectors, in the lower panel from a joint analysis. Our best-t values
for the Kamiokande detector are T

e




erg while for IMB they
are 3:7MeV and 5:4  10
53
erg, respectively. With the Kamiokande best-t spectrum we
nd 11 neutrino events for Kamiokande and about 1 for IMB. Conversely, the IMB best-t
spectrum yields about 24 Kamiokande and 8 IMB events.
While the overlap between the separate condence contours is somewhat marginal, it






= 3:4  10
53
erg. These best-t parameters as well as the event numbers and average
event energies corresponding to them are summarized in Tab. I.
Our results dier somewhat from those of Janka and Hillebrandt [16] in that these authors
nd more restrictive condence contours. We believe that the dierence is caused by their
use of a simplied likelihood function where E
det




a smearing-out eect, and by their use of a Gaussian rather than a Poissonian modulation
of the detection process.





erg. The best-t hE

e
i, however, is rather low compared with the range
of theoretical predictions quoted in Eq. (1); only the 95.4% condence region does slightly
touch the predicted range.
B. Vacuum Oscillations









). The swap probability p is given by the simple formula
Eq. (8) which depends only on the vacuum mixing angle so that no explicit dependence on
m
2
obtains. In analogy to the 
e
's we describe the time-integrated 

ux by a Maxwell-







, where the factor  is predicted to lie in the range 1.4{2.0.
We begin by performing the maximum-likelihood analysis for a xed vacuum mixing















. We show these curves for
 = 1:4, 1.7, and 2.0.
For  = 2:0 our results agree well with those of Kernan and Krauss [14]. The maximum-




 0:5 so that a relatively large mixing angle
appears to be favored by the data. The inferred SN parameters and expected detector
signals for this case are summarized in Tab. I. In Fig. 3 the inferred best-t binding energy
is greater for large mixing angles compared to the no-mixing case, while the best-t spectral











 = 2:0 the best-t hE

e
i is below 6MeV. Such a value is far below what is predicted
theoretically so that it looks like large mixing angles are dicult to reconcile with the
SN 1987A data.
We can also x the binding energy and neutrino temperature according to theoretical












i = 14MeV in dependence of the mixing angle for
several values of the relative 






so that, taking the predicted SN parameters seriously, the best-t mixing
angle is zero, and large mixing angles are disfavored. For  = 1:4 the 95.4% condence





Suppose that future experiments will establish vacuum oscillations as a solution of the
solar neutrino problem. What would this imply for the SN 1987A parameters? To study





-plane for a joint




= 1 and with  = 1:0, 1:4, 1:7, and 2:0.
The 1.0 case corresponds to no mixing; the contour is identical with that of the lower
panel of Fig. 2. The maximum 
e
temperature within the 95.4% condence region is about




given in Eq. (1).
For  = 1:4 the 95.4% CL region for the 
e
energies does not overlap with theoretical
predictions. Therefore, if the vacuum solution would be borne out by future solar neutrino
11
experiments, one would be forced to conclude that there is a signicant problem with the
predicted SN neutrino spectra and energies.
C. Adiabatic Oscillations and Earth Eect
The most complicated case obtains if the solar neutrino problem is solved by large-angle






. The propagation out of the SN is adiabatic so
that no oscillations occur between there and the Earth, but we need to include regeneration
eects caused by the matter eect in the Earth. The permutation factor Eq. (9) is dierent
for the two detectors; it is a function of the mass dierence, the vacuum mixing angle and
the neutrino energy.












to oat. In Fig. 6 we show contours of ln(L
max
)
relative to the no-mixing value ln(L
max
) =  41:0 in steps of 1. We have used 

uences
with the same total energy as for 
e
and a relative temperature  = 2:0 (upper panel) and
 = 1:4 (lower panel). The shaded areas correspond to a negative  ln(L
max
) and thus to a
reduced likelihood relative to the no-mixing case. We emphasize that these areas cannot be
interpreted as being excluded even though they are disfavored.









)   5:5. The absolute maximum of the likelihood is  ln(L
max
)  3:7 and
1:6, respectively, relative to the no-mixing case. A local maximum with  ln(L
max
)  1:4








)   5. The largest increase of the max-
imum likelihood occurs for the largest relative 

temperature  = 2:0. The corresponding
best-t SN parameters and expected signal characteristics are listed in Tab. I. They are
far away from theoretical predictions so that the apparent improvement of the likelihood is
obtained at the price of a conict with SN theory.
Therefore, as in Sect. IV.B we next take the opposite point of view and assume that
SN theory is roughly correct so that we should keep E
b
xed at 3  10
53
erg. In the rst
analysis we allow T

e






. In Fig. 7 we show the relevant
contours of the maximum likelihood relative to the no-mixing case. Again, shaded areas
correspond to a diminished maximum likelihood. As in Fig. 6 the maximum likelihood











)  1:4(1:1). A local maximum with  ln(L
max









)   5. A similar eect occurred in Fig. 6 where the SN
binding energy was also allowed to oat.
Next, we hold both spectral characteristics xed, to wit E
b






4:7MeV which corresponds to the low end of the range of predicted hE

e
i values given in
Eq. (1). The contours of lnL relative to the no-mixing case are shown in Fig. 8 in steps
of 1, again with  = 2:0 (upper panel) and  = 1:4 (lower panel). Note that all contours
now represent negative  lnL, i.e. diminished likelihood values. If we take the predicted
SN parameters seriously we arrive at the same conclusion as in Sect. IV.B, namely that the
no-mixing case is favored.
Finally, we may suppose that future experiments will establish the large-angle MSW
solution of the solar neutrino problem, i.e. that the mixing parameters lie within the indicated











with  = 1:0, 1:4, 1:7, and 2:0 where  = 1:0 corresponds to no mixing. As in Sect. IV.B
we nd that the 95.4% condence regions barely touch the lowest predicted 
e
energies only
in the no-mixing case. However, because of the Earth eect the other cases yield a serious
conict only when the relative 

temperature is assumed to be large.
V. DISCUSSION AND SUMMARY
We have studied the impact of neutrino mixing on the interpretation of the SN 1987A
neutrino signal, focussing on those parameter regions which are favored by the oscillation
interpretation of the solar neutrino problem. For these purposes the small-angle MSW
solution is equivalent to no mixing at all because only large vacuum mixing angles lead to
signicant modications of the antineutrino signal from a SN. In agreement with previous





temperature are consistent with theoretical predictions, but only marginally so
with regard to T

e





plane just barely touches the
predicted range of average 
e
energies given in Eq. (1).
Neutrino oscillation eects lead to a partial swap of the 
e
with the stier 

spectrum.
The data already point to lowish neutrino energies, especially at the Kamiokande detector,
so that even a partial spectral swap aggravates the disagreement between the predicted and
experimentally inferred neutrino energies.
For the large-angle MSW solution the regeneration eect in the Earth always goes in the
direction of partly undoing the swap caused by the adiabatic oscillation in the SN envelope.





plane may be shifted only by a
small amount, depending on the exact mixing parameters, and depending on the relative








= 2:0 it would be dicult to claim a
truly convincing conict between observations and SN theory. Of course, the true value of
 is not known. Put another way, if the large-angle MSW solution would be borne out by
future solar neutrino experiments, the observed SN 1987A signal would have to be taken as
evidence for a soft 

spectrum relative to the 
e
one.
The solar \vacuum solution" corresponds to a very small m
2
for which the SN oscil-
lations are not adiabatic, i.e. we have vacuum oscillations between the SN and here, and
no regeneration eect in the Earth. In this case the tension between the predicted and ob-
servationally inferred SN neutrino spectra would be too signicant to ignore, i.e. one would





than had been thought previously. Conversely, if one could show that theoretical spectral
predictions were accurate within the claimed range of possibilities, then one would have to
agree with the ndings of Smirnov, Spergel, and Bahcall [9] that the solar vacuum solu-
tion is incompatible with SN 1987A data. The conclusion of Kernan and Krauss [14] that
large mixing angles were actually favored by the data can be upheld only if one ignores all
theoretical knowledge of the SN spectra. In this case, indeed, the likelihood function has a
maximum for large mixing angles.
At the present time we would argue that the theoretical knowledge of SN neutrino spectra
is not well enough established to achieve a convincing selection between one of the three
solutions of the solar neutrino problem. We note, for example, that current numerical
calculations of the nonelectron-avored neutrino spectra are based on energy-conserving
13
neutrino-nucleon scatterings between their energy sphere and transport sphere in a SN core.
However, nuclear recoils as well as inelastic modes of energy transfer may soften these spectra
in a nonneglibile fashion [22]. There may be other novel eects which modify these spectra.
Therefore, we believe that one should view the solar neutrino experiments as one method
to shed new light on SN neutrino spectra. Of course, the most interesting case would be if one
of the large-angle solutions would obtain as they would provide nontrivial new information
on the spectral characteristics of the SN 1987A neutrinos.
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TABLES





















[MeV] | 3.6 2.1 1.9
 lnL
max
| 0.0 1.3 3.7
N
events
KAM 11 14.5 14.6 13.1




i [MeV] KAM 15.4 19.9 19.3 17.1
IMB 32.0 32.6 34.5 33.7
TABLE I. Best-t values for the SN 1987A parameters for three neutrino mixing scenarios
with a relative 







= 2:0 each. The expected event numbers and
energies result from the joint analysis for the Kamiokande and IMB detector. The maximum
likelihood  lnL
max









but is otherwise independent of the mass dierence.
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FIGURES
FIG. 1. Eciency curves for Kamiokande and IMB. A 13% dead-time eect for IMB is not
included in the eciency curve. The  curves (dashed) represent the overall eciency curves
published in Refs. [2,3] while the 
0
curves (solid) are corrected according to Eq. (20) for the
\smearing-out eect" of E
det




FIG. 2. Contours of constant likelihood which correspond to 68.3%, 90%, and 95.4% condence





. Upper panel: Kamiokande and IMB separately. Lower
panel: Joint analysis. Dashed lines mark the 68.3% condence regions of the separate t.
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FIG. 3. Maximum likelihood, binding energy, and 
e
temperature as functions of the vacuum
mixing angle. The 







with the indicated  values.
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FIG. 4. Likelihood for a xed E
b





i = 14MeV as a function of the
vacuum mixing angle. The 







with the indicated  values.





, and contours of constant likelihood which correspond





= 1 and the indicated relative 

temperature  . The hatched region corresponds to
the theoretical predictions of Eqs. (1) and (2).
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FIG. 6. Contours of  ln(L
max
) which is the maximumlikelihood relative to the no-mixing value
ln(L
max
) =  41:0. The contour lines are in steps of 1. Shaded areas correspond to  ln(L
max
) < 0,
i.e. regions which are disfavored relative to the no-mixing case. The relative 

temperature  was
2.0 (upper panel) and 1.4 (lower panel).
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FIG. 7. Contours of  ln(L
max
), which is the maximum likelihood relative to the no-mixing
value ln(L
max
), for a xed SN binding energy E
b
= 3  10
53
erg. The contour lines are in steps
of 1. Shaded areas correspond to  ln(L
max
) < 0, i.e. regions which are disfavored relative to the
no-mixing case. The relative 

temperature  was 2.0 (upper panel) and 1.4 (lower panel).
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FIG. 8. Contours of lnL in steps of 1 relative to the no-mixing case. All values are nega-












i = 14MeV. The relative 

temperature  was 2.0 (upper panel) and
1.4 (lower panel).
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FIG. 9. Mixing parameters favored by the MSW solutions of the solar neutrino problem and
those excluded by the absence of an observed day-night eect at Kamiokande. (Contours according
to Hata and Haxton [5].)





and contours of constant likelihood which correspond











. The curves are marked with the relative 

temperature
 . The hatched region corresponds to the theoretical predictions of Eqs. (1) and (2).
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